Studies in mice suggest that adipocytes serve as glucose sensors and regulate systemic glucose metabolism through release of serum retinol-binding protein 4 (RBP4). This model has not been validated in humans. RBP4 was highly expressed in isolated mature human adipocytes and secreted by differentiating human adipocytes. In contrast to the animal data, RBP4 mRNA was downregulated in subcutaneous adipose tissue of obese women, and circulating RBP4 concentrations were similar in normal weight, overweight, and obese women (n ‫؍‬ 74). RBP4 was positively correlated with GLUT4 expression in adipose tissue, independent of any obesity-associated variable. Five percent weight loss slightly decreased adipose RBP4 expression but did not influence circulating RBP4. In another set of experiments, we stratified patients (n ‫؍‬ 14) by low or high basal fasting interstitial glucose concentrations, as determined by the microdialysis technique. Venous glucose concentrations were similar throughout oral glucose tolerance testing, and basal RBP4 expression in adipose tissue and serum RBP4 concentrations were similar in the groups with higher and lower interstitial glucose levels. Our findings point to profound differences between rodents and humans in the regulation of adipose or circulating RBP4 and challenge the notion that glucose uptake by adipocytes has a dominant role in the regulation of RBP4. Diabetes 55:
S
tudies in mice suggest that adipose tissue serves as a glucose sensor and regulates systemic glucose metabolism through release of a circulating factor in response to decreased intracellular glucose concentrations (1) . Subsequent experiments led to the conclusion that adipose-derived serum retinol-binding protein 4 (RBP4) may represent such a circulating factor (2) . RBP4 is upregulated in several insulin-resistant mouse models and in subjects with insulin resistance or type 2 diabetes (2-5). Furthermore, genetic manipulation of GLUT4 expression in adipose tissue led to reciprocal changes in adipose RBP4 expression and circulating RBP4 levels. Transgenic expression or injections of RBP4 caused insulin resistance in mice, whereas experimentally decreased RBP4 levels ameliorated insulin resistance in diet-induced obesity. Indeed, RBP4 augmented hepatic gluconeogenesis and attenuated insulin signaling in skeletal muscle (2) . According to the animal data, impaired glucose uptake by adipocytes results in secondary systemic insulin resistance through RBP4 secretion. Thus, adipocytes may function as glucose sensors and regulators of whole-body insulin sensitivity by the secretion of adipokines. RBP4 was established as a rodent adipokine several years ago (6, 7) . However, the proposed model of the relationship between adipocyte GLUT4/glucose uptake and RBP4 formation has not been validated in humans. GLUT4 expression in adipocytes is known to be decreased in obesity (8, 9) . Thus, we established RBP4 as a human adipokine, tested the hypotheses that RBP4 is upregulated in human obesity, and examined whether GLUT4 and RBP4 gene expression are closely linked in human adipose tissue, as previously described in mice (2) . Finally, we measured RBP4 gene expression in adipose tissue and circulating RBP4 in obese subjects with various degrees of adipose glucose uptake in vivo.
RESEARCH DESIGN AND METHODS
Clinical study. The institutional review board approved all studies (crosssectional, weight-loss, microdialysis, and in vitro adipogenesis), and all subjects gave prior written informed consent. From a previously described (10) population of Caucasian menopausal women, we compared lean, overweight, and obese menopausal women in a cross-sectional study. In the weight-loss study, 30 Caucasian menopausal women started a dietary weightreduction protocol and were counseled to reduce energy intake by 600 kcal/day, as previously described (11) . Seventeen women reached the 5% weight-reduction goal after 13 weeks and were included in the analysis of adipose-tissue gene expression and serum RBP4. In both studies, no participants were diabetic or had renal or liver disease, congestive heart failure, or coronary heart disease. Hormone replacement therapy was discontinued 4 weeks before and all other medication 1 week before the studies. Participants had not changed their body weight by Ͼ1 kg in the 3 months before the study began. Anthropometric measurements and blood samples were obtained at 9:00 A.M. following an overnight fast. Periumbilical subcutaneous adipose tissue was obtained by needle biopsy as previously described (10, 11) . Microdialysis study. Fourteen obese patients were recruited, and none had type 2 diabetes. All concomitant medication was withdrawn 2 weeks before testing. No lipid-lowering drugs were allowed for at least 6 months before study entry. All specimens were obtained from the patients on the same day after an overnight fast. One catheter was placed in a large antecubital vein for blood sampling. One microdialysis probe was inserted into abdominal subcutaneous adipose tissue as described elsewhere (12) . After probe insertion, tissue perfusion was started with Ringer's solution (Serumwerk Bernburg, Bernburg, Germany) at a flow rate of 2 l/min. The solution was supplemented with 50 mmol/l ethanol (Alkohol Konzentrat 95%; B. Braun Melsungen, Melsungen, Germany). CMA/60 microdialysis probes and CMA/102 microdialysis pumps (both from CMA Microdialysis, Solna, Sweden) were used. Sixty minutes were allowed for recovery of the tissues from insertion trauma and for baseline calibration. Then, volunteers ingested oral glucose (75 g glucose/ 300 ml solution, Dextro oral glucose tolerance test; Hoffmann-La Roche, Grenzach-Wyhlen, Germany). We obtained blood samples for the determination of glucose and insulin, and microdialysis samples were taken at baseline and every 15 min for a 2-h period following the glucose load. One hour after the end of the glucose test, we obtained subcutaneous abdominal adipose tissue samples as previously described (12) . In vitro adipogenesis study. Mammary subcutaneous adipose tissue was obtained from healthy women (BMI 25-30 kg/m 2 , aged 35-58 years) by breast reduction surgery for isolation of human adipose cells. Stromavascular cells and mature adipocytes were isolated by collagenase digestion and cultured overnight in serum containing medium as previously described (13) . Total RNA was isolated from paired samples of stromavascular cells and mature adipocytes from each donor after 1 additional day of culture under serum-free conditions to compare RBP4 gene expression. Adipogenesis in stromavascular cells was induced by a cocktail of insulin, isobutylmethylxanthine, cortisol, and triiodothyronine as previously described (13) . RBP4 secretion into the culture medium was compared between stromavascular cells and differentiated adipocytes at day 12 after induction of adipogenesis. Analytical methods. Total RNA from preadipocytes, adipocytes, and adipose tissue biopsies was isolated using the Qiagen RNeasy mini kit (including the RNase-free DNase set; Qiagen, Hilden, Germany). RBP4 and GLUT4 gene expression were determined with the ABI 5700 Sequence Detection System for real-time PCR (PE Biosystems, Weiterstadt, Germany) by the standardcurve method and normalized by endogeneous controls, resulting in arbitrary units (AU) (13) . Premixed Assays-on-Demand for human RBP4, GLUT4, glyceraldehyde-3 phosphate dehydrogenase (GAPDH), and 18S rRNA were used (PE Biosystems, Weiterstadt, Germany) that contain premixed primers and fluorescently labeled probes. Interassay coefficients of variation (CVs) for GAPDH (1.1%), 18S rRNA (0.9%), RBP4 (1.3%), and GLUT4 (1.4%) were determined using a standardized human adipose tissue cDNA from our laboratory.
RBP4 in serum samples was measured by competitive enzyme-linked immunosorbent assay (ELISA) (AdipoGen, Seoul, Korea) using the standardcurve method with a dilution series of a provided human RBP4 sample (R 2 ϭ 0.99 for standard-curve linear regression). Interassay CV (measured by a control provided by the manufacturer with each plate) was 8.4%; intra-assay CV (measurement of six identical serum samples on each plate) was 5.3%.
Blood lipids, glucose, and insulin were measured by a certified laboratory. Changes in blood flow were determined using the ethanol dilution technique and Fick's principle. A decrease in the outflow-to-inflow ratio (ethanol ratio) is equivalent to an increase in blood flow and vice versa. Ethanol was measured with a standard enzymatic assay (14) . Dialysate glucose and lactate concentrations were measured with the CMA/600 analyzer (CMA Microdialysis). In situ recovery for glucose and lactate in adipose tissue dialysates was ϳ30% (12) . expression and serum levels in the cross-sectional study. Statistical significance was considered at P Ͻ 0.05.
RESULTS
We first compared the expression of the RBP4 gene in human stromavascular cells with paired samples of mature adipocytes and found a ϳ300ϫ difference. RBP4 gene expression in stromavascular cells was nearly undetectable. We then compared the secretion of RBP4 into the culture medium between stromavascular cells and in vitro-differentiated adipocytes at day 12 after induction of adipogenesis. (Sampling of the medium started at day 10 and lasted 2 days.) RBP4 secretion into the culture medium was detectable, and immature in vitro-differentiated adipocytes secreted considerably higher amounts of RBP4 than stromavascular cells (Fig. 1A) .
Clinical data of the menopausal women in the crosssectional study are given in Table 1 . Subjects were stratified according to BMI into lean, overweight, and obese groups. RBP4 gene expression in adipose tissue was significantly reduced in obese subjects. RBP4 serum levels were not different between lean, overweight, and obese subjects (Fig. 1B) . When we selected the 15 women with the lowest and highest RBP4 plasma levels (16.3 Ϯ 0.5 vs. 41.6 Ϯ 1.5 g/ml [mean Ϯ SEM], P Ͻ 0.001), we found no difference in the HOMA index of insulin resistance between both groups (1.1 Ϯ 0.2 vs. 1.3 Ϯ 0.3, P ϭ 0.57). RBP4 adipose gene expression and RBP4 plasma concentrations were not correlated with each other in the cross-sectional study. A 5% weight reduction significantly improved the homeostasis model assessment (HOMA) index but only slightly decreased adipose RBP4 gene expression. RBP4 serum levels, however, were not influenced by this amount of weight loss (Fig. 1C) .
GLUT4 mRNA in subcutaneous adipose tissue of obese women was significantly reduced (11.7 Ϯ 1.6 vs. 7.2 Ϯ 0.6 vs. 4.3 Ϯ 0.4 AU for lean, overweight, and obese groups, respectively, P Ͻ 0.001). A stepwise linear multiple regression model including BMI, waist circumference, HOMA index, and GLUT4 revealed that only GLUT4 mRNA expression in adipose tissue was a significant determinant of adipose RBP4 expression (r ϭ 0.72, r 2 ϭ 0.52, P Ͻ 0.001 all variables included and r ϭ 0.70, r 2 ϭ 0.49, P Ͻ 0.001 after stepwise exclusion of all variables except GLUT4; Fig. 2 ). Circulating RBP4 and GLUT4 mRNA expression in subcutaneous adipose tissue were not correlated, and no significant determinants for RBP4 serum levels were identified in the cross-sectional study.
In the microdialysis study, we stratified subjects according to basal interstitial glucose concentrations into two groups of equal size. The groups were similar in age and BMI, as shown in Table 2 . The groups also had similar adipose tissue blood flow and venous glucose levels, suggesting that glucose uptake is decreased in the group with higher interstitial glucose concentrations (Fig. 3) . The difference in interstitial glucose remained throughout the glucose tolerance test. Dialysate lactate concentration was also increased in the group with higher glucose levels (not shown). Adipose tissue RBP4 expression and serum RBP4 levels were similar in the groups with lower and higher interstitial glucose concentrations.
DISCUSSION
Previous studies in mice suggested that RBP4 is an adipokine whose production is tightly regulated by adipose tissue glucose uptake. In an initial set of experiments, we observed that RBP4 gene expression was hardly detectable in stromavascular cells derived from human adipose tissue. Isolated mature human adipocytes featured high RBP4 mRNA levels. Indeed, we detected a steady increase in RBP4 secretion into the culture medium during adipogenesis. Remarkably, the increase in RBP4 secretion during adipocyte differention is much smaller than the increase in RBP4 gene expression. A possible explanation is that differentiating adipocytes at day 12 are not equal to mature isolated adipocytes from adipose tissue in their secretory capacity. This notion is supported by important phenotypical differences, such as adherence to the culture dish and accumulation of multiple small lipid droplets in differentiating adipocytes. Nevertheless, our findings suggest RBP4 as a human adipokine and confirm earlier reports in rodent adipocytes (6,7).
As we did not see a relationship between adipose tissue RBP4 expression and serum RBP4 levels in postmenopausal women, adipose tissue may be a less important source for circulating RBP4 in humans than in animals. But even in rodents, only 20% of systemic RBP4 is produced by adipocytes, and RBP4 gene expression was ϳ20% compared with expression in the liver (7), which is the major source for RBP4 in rodents and most likely also in humans (15) . It is thus possible that the increase in systemic RBP4 concentrations in insulin-resistant subjects or subjects with type 2 diabetes (2-5) is not explained by increased RBP4 production in adipose tissue. Animal studies suggested a tight reciprocal relationship between GLUT4 expression/glucose uptake in adipose tissue and RBP4 expression. We applied several strategies to assess the relationship in humans. First, we expected to observe an increase in adipose RBP4 expression and in circulating RBP4 concentrations with increasing adiposity, as adipocyte expression of GLUT4 is decreased in obesity (8, 9 ). Yet, RBP4 mRNA was downregulated in subcutaneous abdominal adipose tissue of obese postmenopausal women, and circulating RBP4 concentrations were similar in the normal weight, overweight, and obese groups. Five-percent weight loss improved the HOMA index by 20% (11), while this change was associated with only a small decrease of adipose RBP4 expression and no significant change in RBP4 serum levels. In contrast, higher RBP4 serum levels were recently reported in overweight and obese subjects (2, 3) . Besides the use of different polyclonal antibodies and different methods for protein detection (ELISA in our study and ELISA or Western blotting in the other reports), it must be recognized that our study population is more homogeneous in terms of age of the control group, sex composition, and levels of fasting insulin.
Second, RBP4 expression and GLUT4 expression in adipose tissue were inversely correlated in mice (2) . Similar to previous studies in animals and humans (8,9), we also found that adipose tissue GLUT4 expression was reduced in overweight subjects and even more so in obese subjects. We expected to find an inverse correlation between adipose GLUT4 and RBP4 expression. However, we found a robust positive correlation between RBP4 and GLUT4 expression that was completely independent of any other confounding variable (e.g., BMI). These findings suggest a role of adipose glucose uptake/GLUT4 in the regulation of human RBP4, but profound differences exist between rodents and humans.
Third, we directly assessed adipose tissue glucose metabolism using the microdialysis technique. Interstitial glucose concentrations in adipose tissue are influenced by systemic glucose concentrations, tissue blood flow, and adipose tissue glucose uptake. An impairment in adipose tissue glucose uptake causes a disproportional increase in interstitial compared with venous glucose concentrations (6) . Therefore, we stratified patients into groups of equal size with low or high basal fasting interstitial glucose concentrations, as determined by the microdialysis technique. Tissue blood flow, which was estimated using the ethanol dilution technique (16), was not different between the groups. Furthermore, venous glucose concentrations were similar in both groups throughout oral glucose tolerance testing. Thus, differences in microdialysate glucose are presumably related to differences in cellular glucose uptake rather than glucose supply. We cannot explain the molecular origin of differences in adipocyte glucose uptake between the subjects. However, if decreased adipocyte glucose uptake is the mechanism to increase RBP4 expression, as demonstrated in mice, one 
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would expect to observe excessive RBP4 levels in individuals with higher interstitial glucose concentrations. In any event, RBP4 expression in adipose tissue and serum RBP4 concentrations were similar in the groups with higher and lower interstitial glucose levels. Together, our findings challenge the notion that adipose glucose uptake has a dominant role in the regulation of adipose RBP4 expression or circulating RBP4 levels in humans. An important limitation of our data is that we investigated only subcutaneous adipocytes/adipose tissue in all studies presented. We cannot rule out at present that differences exist between different adipose tissue depots (e.g., subcutaneous vs. visceral depots) in the regulation of RBP4 expression and secretion. This issue needs to be investigated in the future.
Even though RBP4 may be differentially regulated in mice and humans, RBP4 may elicit a similar physiological response. Genetic and pharmacological manipulation of RBP4 in mice led to consistent metabolic changes (2) . RBP4 impaired insulin signaling in skeletal muscle at least in part through decreased phosphorylation of insulin receptor substrate 1. Furthermore, RBP4 stimulated glucose output from hepatoma cells in vitro and activated hepatic gluconeogenic enzymes in vivo including phosphoenolpyruvate kinase (2). Furthermore, in those patients that showed improved glucose handling after a period of exercise training, circulating RBP4 levels were clearly diminished, whereas those patients that did not improve by exercise training also did not show a change in circulating RBP4 (3). These findings clearly raise the question whether increased serum RBP4 in subjects with insulin resistance or type 2 diabetes is the cause or the consequence of insulin resistance.
It was not the primary purpose of our study to evaluate the relationship between RBP4 and insulin sensitivity. We did not see a relationship between the HOMA index and adipose RBP4 expression or with circulating RBP4 concentrations in our cross-sectional and weight-loss studies. Insulin resistance, determined by fasting insulin levels and the HOMA index, was not markedly decreased in our obese subjects, and fasting insulin levels in our obese subjects were clearly lower than in other study populations (2, 3) . We speculate that detection of RBP4-mediated changes in insulin sensitivity may require more accurate measurements of insulin sensitivity and patients with a wider range of insulin sensitivities than used in our study.
We and others (3) did not determine pharmacological effects of RBP4 but instead relied on correlational analysis. An important next step would be to test the response to exogenous RBP4 in humans. Another possibility would be to decrease circulating RBP4 levels by inhibiting the interactions between RBP4 and the binding partner transthyretin with fenretinide, a synthetic retinoid compound currently under investigation in oncology trials (17, 18) . Treatment with thiazolidinediones decreased RBP4 levels as well, as shown in rodents (2). However, this treatment option is not sufficiently specific to dissect out RBP4 effects from direct metabolic effects of peroxisome proliferator-activated receptor ␥ activation.
Secretory products from adipocytes partly link obesity with arterial hypertension, insulin resistance, inflammation, and atherosclerosis (19) . Many of these adipokines have been identified in obese rodent models and confirmed in patients. Classical examples include the role of adiponectin for the development of type 2 diabetes and atherosclerosis (20, 21) , the role of leptin for sympathetic activation (22, 23) , and the role of adipose-derived angiotensinogen for blood pressure regulation (11, 24) . Other rodent adipokines such as resistin (25, 26) or visfatin (27, 28) turned out not to be human adipokines and play different roles in rodents and humans (29) . Thus, careful evaluation of rodent adipokines in well-characterized human populations is crucial to define their precise role for obesity-associated diseases. Our data suggest that RBP4 is yet another adipokine with a differential regulation in animals and humans and a physiological role to define in future studies.
